The Eastern Mediterranean hosts a variety of active cold seep systems, such as gas chimneys, mud volcanoes and pockmarks, in water depths of 500 to 3200 m. As part of the NAUTINIL expedition in 2003, the sediments of cold seeps on the Nile Deep Sea Fan (NDSF) were sampled for the first time for biogeochemical and microbiological analyses. Here we compare rates of the anaerobic oxidation of methane (AOM) and sulfate reduction (SR) as well as the microbial community structure of a variety of cold seep systems including mud volcanoes, pockmarks and brine seeps. Our results revealed strong differences in microbial activity among the different seep systems of the Eastern, Central and Western provinces of the NDSF, as well as the Olimpi field (Central Mediterranean Ridge). Integrated over a sediment depth of 10 cm below the seafloor, SR rates ranged from 0.1-66 mmol m − 2 d − 1 and AOM rates from 0.1-3.6 mmol m
Introductionpresumably syntrophic association between Methanosarcinales, Methanomicrobiales and
Methanococcoides related anaerobic methanotrophic archaea (ANME groups 1-3) and sulfate-reducing bacteria (SRB) of the Desulfosarcina/Desulfococcus or the Desulfobulbus clusters (Boetius et al., 2000a; Orphan et al., 2001; Knittel et al., 2005; Niemann et al., 2006b; Lösekann et al., 2007) . A distinct variety of other bacteria and archaea have been repeatedly detected associated with ANME in cold seep systems, however, their function remains unknown (Knittel et al., 2003; Knittel et al., 2005; Mills et al., 2005) .
The Eastern Mediterranean basin is known as one of the most oligotrophic areas of the world's oceans. It is characterized by low particle flux rates, deep oxygen and sulfate penetration into the seafloor, due to low rates of organic matter mineralization and low microbial cell numbers (Boetius and Lochte, 1996) . Hence, sulfidic environments at the deep seafloor of the Eastern Mediterranean are typically associated with local advection of electron donors from the deep subsurface, such as by fluid flow and gas seepage. Active cold seep systems in the Eastern Mediterranean have been the subject of several studies that have included mud volcanoes on the Eastern Mediterranean Ridge, such as Napoli and Milano in the Olimipi area and Amsterdam and Kazan in the Anaximander mountains (Aloisi et al., 2000; Pancost et al., 2000; Aloisi et al., 2002; Charlou et al., 2003; Haese et al., 2003; Heijs, 2005; Mills et al., 2005; Bouloubassi et al., 2006; Heijs et al., 2006) . Highly 13 C-depleted archaeal biomarkers (i.e. archaeol, 2, 6, 10, 15, and others), indicative of AOM, have been recovered from carbonates and sediments at these seeps (Aloisi et al., 2000; Pancost et al., -6 -119 120 121 13 C-depleted bacterial lipids, believed to originate from methane dependent SRB (Aloisi et al., 2000; Pancost et al., 2000; Aloisi et al., 2002; Heijs, 2005; Bouloubassi et al., 2006; Heijs et al., 2006) . Furthermore, 16S rRNA gene surveys of sediments from these mud volcanoes have revealed the presence of different types of ANME (Heijs, 2005 Heijs et al., 2005 , i.e. ANME-1 and 2, as well as their sulfate reducing partners, which are related to the Desulfosarcina/Desulfococcu
Here we present the first AOM and SR activity measurements, in relation to microbial community structure, of cold seep systems of the NDSF. We focused on cold seeps of the Eastern (Amon, Isis mud volcanoes), Central (North Alex mud volcano, pockmark areas) and Western (Chefren mud volcano) NDSF, as well as on the Napoli mud volcano of the Olimpi field on the Central Mediterranean Ridge. We used whole core tracer injection methods to quantify rates of methane oxidation and sulfate reduction, and 16S rDNA-based molecular tools to investigate the microbial community structure.
The questions addressed by this study were: (1) What is the range of microbial methane and sulfate consumption at different types of seeps of the NDSF? (2) Which key microorganisms mediate these processes?
Regional settings
A detailed description of the geology and evolution of fluid escape structures on the NDSF has been published recently (Mascle et al., 2006; Dupré et al., 2007) and is -7 - (Huguen et al., In review, this volume) . Fluid escape structures and associated mud volcanoes are abundant on the Mediterranean Ridge accretionary prism (Fusi and Kenyon, 1996; Huguen et al., 2004) , and on the Anaximander Mountains between the Hellenic and Cyprus arcs (Woodside et al., 1998; Zitter et al., 2005) . More recently, seepage activity was discovered on the NDSF ((Loncke et al., 2004; Mascle et al., 2005; Mascle et al., 2006) and references therein).
Most of the NDSF was formed in the late Miocene and corresponds at present to the most prominent sedimentary structure of the Eastern Mediterranean margin, with thick sediment deposits of more than 9-10km. The fluid escape structures of the Eastern, Central and Western province of the NDSF investigated here appear connected to salt tectonics and subsequent gravitational forces causing a spreading and gliding of the thick sedimentary packages on the NDSF. Furthermore, the Egyptian slope is a prolific domain for hydrocarbons with its large subsurface gas and oil reservoirs (Dolson et al., 2002) These mud volcanoes are circular features (1-3 km in diameter) in water depths of 500 -3000 m with elevations of up to 100 m above the seabed (Dupré et al., 2007) . They are located above well-developed feeder channels, clearly seen in the seismic data (Loncke et al., 2004; Dupré et al., 2007; Huguen et al., In review, this volume) . In the deeper central -8 -Nautile. Generally, cores were retrieved on board less than 5 hours after coring.
Immediately upon returning to the RV L'Atalante, the cores were taken to the cold room, sub-sampled and processed for the measurements outlined below. Table 1 list the cores recovered from each site as well as their treatment.
Methane concentration
Due to sampling constraints, methane concentration data from two different types of initial processing methods were included within this study. The sediments were sectioned horizontally (2 cm intervals, corresponding to 2 ml of sediment) and placed in 18 ml glass vials containing 10 ml of 2.5% NaOH. The vials were immediately sealed with rubber stoppers. Alternatively, sections were equilibrated with a saturated NaCl solution (ca. 300 g/l) in rubber sealed glass vials for at least 12 hours. The sediment slurries were shaken, and 100 µl of headspace removed by a glass syringe. Methane -9 -concentrations were measured by injecting 100 µl of headspace in a Hewlett Packard 5890A or a Shimadzu GC-14B gas chromatograph. The detector for both chromatographs was a flame ionization detector. 
Methane oxidation
Methane oxidation rates were measured using dissolved 14 CH 4 , based on previously described methods (Iversen and Blackburn, 1981; Treude et al., 2003) . Predrilled cores were used to sub-sample the push cores. The holes were spaced 1 cm apart and sealed with silicone prior to sub-sampling. Immediately after sub-sampling, subcores were sealed with a rubber stopper and placed in the dark at the in situ temperature of 14°C for 1 -2 hours. Ten microliters of 14 CH 4 (~0.25 kBq) were then injected through the silicon plugs into the sediment, and the sub-cores were incubated in the dark at in s temperature for 24 hr. The cores were then quickly sectioned into 2 cm layers, and the sections fixed in 10 ml of 2.5% NaOH as for methane concentration determinations.
Further processing was done according to Treude et al. (Treude et al., 2003 
Sulfate concentration
As with methane concentration measurements, two separate methods were used to initially process and measure sulfate concentrations. Subcores were sectioned -10 -horizontally (2 cm intervals, corresponding to 2 ml of sediment) and sections were placed in 15 ml polypropylene vials with 5 ml of 20 % zinc acetate and shaken thoroughly. The sediment slurry was then centrifuged at 5000 rpm for five minutes and the supernatants removed and transferred to clean polypropylene vials. The supernatants were analyzed using non-suppressed ion chromatography with an anion exchange column (LCA A14, Sykam) and a conductivity detector (S3110, Sykam). Alternatively, pore water was squeezed from the sediment sections and sulfate measured as S using inductively coupled plasma atomic emission spectroscopy (ICP-AES). Two milliliters of sediment were placed in a 20 ml plastic tube with 9 ml of a 2 % formalin and artificial seawater solution for 4 hr at room temperature. At the end of the -11 -incubation period, half of the mixture was washed twice in PBS and stored in a PBS\ethanol solution (50:50) at -20°C for FISH, the other half was stored at 4°C for AODC. AODC (Boetius and Lochte, 1996) , FISH (Snaidr et al., 1997) and CARD-FISH (Pernthaler et al., 2002; Ishii et al., 2004) were all performed according to previously described methods. All FISH and CARD-FISH slides were counter-stained with DAPI (4´,6´-diamidino-2-phenylindole). At least 30 -50 grids were counted randomly from each slide for AODC, FISH and CARD-FISH. Probe hybridization details are given in Table 2 . No signal was observed using the ANME-2, and Mγ705 CARD-FISH probes, therefore ANME-2 and Mγ705 targeted cells were enumerated using monolabeled FISH probes. Cell numbers within conspicuous ANME-SRB aggregates were estimated using a semi-direct method (Boetius et al., 2000b) . All aggregates and cells were assumed to be spherical. The average cell volume was estimated to be 0.065 µm aggregates on filters from Amon (NL12PC2) and Chefren (NL18PC2(7)). The average aggregate volume was divided by the average cell volume, and a ratio of 1:1 archaeal to bacterial cells was used to calculate the number of bacterial and archaeal cells per aggregate.
16S rDNA library construction and analysis
Sediments were sectioned into 2 cm intervals and frozen at -20°C until further processing. 16S rDNA libraries for Archaea and Bacteria were created after Niemann et al. (Niemann et al., 2006a) . Briefly, total DNA was extracted from the first 4 cm of were amplified using the primers ARCH20F (Massana et al., 1997) and Uni1392R (Lane et al., 1985 for Archaea and GM3F (Muyzer et al., 1995) and GM4R (Kane et al., 1993) for Bacteria. Amplification products were then cloned and sequenced in one direction on an ABI 3100 genetic analyzer. Single directional reads were then added to preexisting phylogenetic trees using the parsimony tool in the ARB software package (Ludwig et al., 2004) to determine their phylogenetic affiliations. P-tests were conducted for comparisons between sequence libraries in this study using the program S-LIBSHUFF version 1.22 (Schloss et al., 2004) . Distance matrices were created in ARB (Ludwig et al., 2004) using the Neighbor-joining tool. Sequences were submitted to the GenBank database (http://www.ncbi.nlm.nih.gov/) and are accessible under the following accession numbers: EF687258-EF687340, EF687432-EF687519, EF687520-EF687656 and
EU178928-EU179209

Results and Discussion
Previous to this investigation, the activity at cold seeps within the NDSF with regard to fluid escape, hydrocarbon oxidation, sulfide production and the composition of Two sediment push cores were recovered from black sediment patches in the center of Amon (Table 1 , Fig were covered with sulfide-oxidizing bacterial mats above reduced sediments followed by lighter grayish mud breccia below (Fig. 3a) . All three cores recovered from Isis ( Fig. 3B) contained dark grey mud breccia and two cores had small whitish aggregates at the surface indicating the presence of sulfide-oxidizing bacteria (NL8PC1(4), NL8PC3 (1)).
The local variation in terms of topography and sedimentology at both mud volcanoes is not surprising, given that fluid and gas flow at most cold seeps is focused, which can result in large sediment heterogeneities (Sahling et al., 2002; Luff and Wallmann, 2003) .
Sulfate reduction and anaerobic oxidation of methane
Large gas plumes with high concentrations of methane have been detected above the centers of Amon and Isis (0.5 and 0.7 µM, respectively), indicating recent gas ebullition at both mud volcanoes (Dupré et al., 2007) . When retrieved to deck, all cores from the center of Isis and Amon had cracks within the sediment indicating gas escape during recovery. Accordingly, methane concentrations measured in all recovered sediment cores from both mud volcanoes centers exceeded 1 mM (Fig. 3A ,B), and some cores still contained gas bubbles during sub-sampling. Despite high methane concentrations, sulfate concentrations exceeded 5 mM throughout the cores, with moderate anaerobic oxidation of methane (AOM) rates (0.1 -3.7 mmoles x m -2 x d -1 ).
Sulfate reduction (SR) rates (0.7 -24 mmoles x m -2 x d -1 ) were much higher (Table 3 ).
The peaks in SR coincided with reduced sediment layers stained black by FeS -15 -precipitation in the cores from Amon ( Fig. 3A) and one from Isis (NL8PC1(4)). In two cores from Isis (NL8PC3(1)) and (NL13PC4 (7) Cadiz (Niemann et al., 2006a) . Sulfate reducers are capable of using a wide variety of hydrocarbons as electron donors; hence it is likely that the availability of higher hydrocarbons selects for other sulfate reducers besides the ANME partner SRB, as the energy yield from AOM is very low (Widdel and Rabus, 2001; Widdel et al., 2006 Widdel et al., /2007 Kniemeyer et al., 2007) .
Microbial community structure
Total cell numbers were 10 8 -10 9 cells x ml -l in surface sediments of both mud volcanoes (Table 4) , which is the lower end of numbers observed at other active seep settings (>10 10 cells x ml -l ) (Michaelis et al., 2002; Knittel et al., 2003; Tina Lösekann et al., 2007) . Fluorescence in situ hybridization (FISH) (Tables 4) and 16S rRNA gene analysis (Table 5) were carried out on two selected cores from Amon (NL12PC1) and Isis (NL13PC4(7)), both covered by bacterial mats. These cores were selected on the basis of rates, methane and sulfate concentrations, and visual characteristics indicating seepage related microbial activity. The dominance (36 -58 %) of Deltaproteobacteria sequences -16 -in the 16S rRNA gene library for Bacteria of both mud volcanoes were in accordance with the relatively high, near surface SR rates. A large portion of the 16S rDNA sequences were related to SRB of the genera Desulfosarcina, Desulfococcus, Desulfocapsa and Desulfobulbus, which are ubiquitous at seeps and have been previously implicated as partners of methanotrophic archaea (ANME) (Knittel et al., 2003) . The probe DSS658, which targets the Desulfosarcina/Desulfococcus cluster, showed that most of these cells were aggregated with ANME-2 cells at Amon, whereas at Isis most of the DSS658 targeted cells were single cells. Compared to their high percentage in the bacterial 16S rRNA gene library (19%; Tab. 4), DSS658 targeted cells made up only 2-3% of the overall cell numbers at Isis, but up to 50% at Amon. Interestingly, the core NL12PC1 from Amon also showed considerably closer coupling of AOM to SR. The dominance of the Archaea libraries by sequences most closely related to ANME-2, and their relatively high cell numbers was matched by relatively high AOM rates. ANME-1
and -3 cells were also detected, but their numbers were below 1% of the total cells. Interestingly, at both mud volcanoes a significant portion of the Bacteria (EUB) cells in consortium with ANME cells were not targeted by DSS658 or 660, indicating that other bacterial partners were present and potentially involved in AOM. This was previously also observed at other sites such as the Eel River Basin (Pernthaler et al., 2008) .
Statistical tests (P value < 5%) indicated that the 16S rRNA gene library of Archaea at Amon was different from that at Isis. However, the reciprocal comparison (Isis to Amon) indicated no statistical difference (P value > 5%) between them, suggesting that both environments shared a subset of Archaea. This was also true for comparisons of the 16S rRNA gene libraries of Bacteria, which indicated that the communities at both mud volcanoes were not significantly different from one another.
The similarities between the microbial communities of both mud volcanoes are not surprising given their very similar geochemistry.
Central province of the NDSF
Dive observations
Three dives were dedicated to investigating different seafloor structures of the central province ( The seafloor of the center of North Alex was much less disturbed than that of Amon and Isis, and was essentially flat. However, the center sediments were overpressurized with gas, as evidenced from spontaneous gas ebullition observed during the dive (Fig. 4A ).
The single blade core recovered from the center was gas saturated and contained mud breccia interspersed with small chunks of carbonate ( Figure 5A ). Bacterial mats were not observed in the center of North Alex. The area on the lower slope also showed extensive (~ 500 m) flat and partially broken carbonate crusts, which hosted seep-associated fauna and lots of shell debris. The larger carbonate pavements on the middle and lower slope were interspersed by reduced blackish sediments (Fig. 4C) , littered by shell debris. They hosted a variety of small chemosynthetic bivalves as well as small patches of living siboglinid tube worms ( 
Microbial community structure
We chose the most active samples for analysis of the distribution of different microbial groups; the core from the center of North Alex (NL15BC1) and the core next to a small carbonate mound on the lower slope (NL14PC2). Cell numbers at North Alex were >10 9 × cells × ml -1 in the surface sediments, but only a few consortia were detected (Table 4) . Interestingly, ANME-1 and -2 cells comprised only a small part of the archaeal cells that were detected in both sediments. Furthermore, bacterial cells within the aggregates were not targeted by DSS658, indicating that unknown bacterial partners were involved in the AOM consortia. The vast majority of cells in the sediments were unknown single cell Bacteria; only 6 % of these were targeted by DSS658. The cell numbers from the pockmark region (NL14(PC2)) were considerably lower (0.4 -0.9 10 9 × cells × ml -1 ) and methane-oxidizing archaea were virtually absent from these sediments.
However, microbial biomarker analysis of carbonates from this site indicated that ANME-2 were the dominant group within the carbonates (Gontharet, unpublished data, Stadnitskaia unpublished data), which suggests that AOM was of greater importance in -21 - (Fig. 6A) . The edges of the central lake were covered by clear brines (Fig. 6B) . In contrast, the center of the Napoli mud volcano had many smaller sized brine pools of several meters to tens of meters, some of which were drained (Fig. 4C ). This area was previously investigated and further details of its geological, (7) and PC4(6)) and center of Chefren (NL19PC1(5) and PC3(8)), as well as 4 cores from the center of Napoli (NL1PC2, NL21PC5(1) and PC6(2), NL22PC7(3)) ( Table 1 ). All cores recovered from these seafloor areas were covered by -22 - At a mud cone on the NW flank of Chefren, colorful white and orange microbial mats were associated with brine seepage (Fig. 6D) . These mats have been described in detail elsewhere (Omoregie et al., 2008) . Briefly, the orange mats comprised sheaths of iron-oxidizing Bacteria as well as iron-oxide precipitates. The white mats comprised mainly sulfur filaments, produced by "Candidatus Arcobacter sulfidicus". Two cores (NL4PC1 and NL18PC4 (6)) were retrieved from the sulfide-oxidizing mats and one core from iron-oxidizing mats (NL18PC2 (7)) at the bottom of the north-western slope of Chefren (Tab. 1). Brine was observed flowing over the sulfide-oxidizing mats (Omoregie et al., 2008) and cores from these mats showed a highly reduced, blackish sediment horizon directly below the surface, followed by dark grey mud breccia (Fig. 7A ). In contrast, the core from the iron-oxidizing mat (Fig. 7B ) had a reduced layer in the middle of the core, which was surrounded by brownish sediment. The two cores from the center of Chefren were taken directly from the edge of a large brine lake in an area covered by clear brine (NL19PC1(5), PC3(8)). A thin line of bacterial mats formed directly between the interface of the brine and the seafloor (Fig. 6B ). Both cores had reduced layers at the surface followed by dark brown sediment.
In the center of Napoli abundant patches of white bacterial mats (Fig. 6E ) as well as extensive carbonate crusts were visible at the seafloor (Fig. 6F ). These carbonate crusts were also frequently perforated with tube worms similar to the pockmark area of the Central NDSF. Two cores from thin sulfide-oxidizing mats (NL1PC2M and NL22PC3) and two cores from exposed blackish sediment between crusts (NL21PC1 and -23 - 2) were recovered from Napoli. All cores showed reduced sediment layers at the surface and dark grey sediment, interspersed with carbonate.
Sulfate reduction and anaerobic oxidation of methane
Methane concentrations in the bottom waters above the center of Chefren were relatively high (40 µM). In contrast those at Napoli were relatively low (20 nM)
Mastalerz et al. unpublished data). The brines from both Chefren and Napoli (salinity of up to 153 and 268 ‰, respectively) contained high amounts of methane (up to 0.7 and 2.5 mM) and sulfide (up to 7.1 and 2.1 mM), but also sulfate (5-57 mM) (Huguen et al., In review, this volume). The sediments sampled from Chefren contained similar amounts of methane as found at the other seeps of the NDSF (0.2 -2 mM). At Napoli, methane concentrations in the sediments were low (0.04 -0.08 mM). The samples recovered from the Chefren and Napoli MV showed a wide range of SR and AOM rates (0.2 -66.5 and 0.1 -2.3 mmol cm -2 d -1 , 0 -10 cm). At both sites, SR exceeded AOM considerably, pointing to the presence of hydrocarbon sources other than methane (Fig. 7A-C and Table   3 ). The highest rates were generally located close to the surface, similar to the other cores investigated in this study. Sulfate concentrations remained very high throughout the cores, even close to the peaks of SR, possibly indicating advective transport by brine seepage (Fig. 7) .
Microbial community structure
Similar to the 16S rRNA gene libraries of Amon and Isis, those from the slope of Chefren were dominated by sequences from the Deltaproteobacteria and ANME-2 or -24 - (Table 5) . Also, sequences of aerobic methanotrophs were abundant in samples of mat and surface sediments. Total cell numbers in mat-covered sediments from the slope of Chefren were slightly lower than those from the center of Amon and Isis (Table   4) . ANME-2 and -3 cells only made up a small proportion of total archaeal cells, indicating that other archaeal groups, such as MBGD may represent a significant biomass in these sediment zones. In contrast, a relatively high proportion of the bacterial cells were identified as sulfate reducers targeted by the DSS658 probe.
The cell numbers in surface sediments recovered from Napoli of around 2 × 10 10 cells × ml -1 were very high, but decreased within a few cm below the surface to numbers similar to the other mud volcanoes in this study. The composition of Archaea at Napoli was different from other cold seeps in the NDSF. ANME-1 cells appeared to be the dominant ANME in the core from Napoli and ANME-2 were absent. Very few consortia were detected in the Napoli sediments. Bacteria of the Desulfosarcina/Desulfococcus cluster were abundant as free-living cells. This matched previous work conducted on sediments and carbonates recovered from Napoli (Pancost et al., 2000; Aloisi et al., 2002; Heijs, 2005) . These studies detected highly 13 C-depleted biomarkers of Archaea and SRB, as well as 16S rRNA gene sequences from Napoli sediments, which were representative for ANME-1 and DSS groups.
Comparisons between the bacterial libraries of sediments underlying the sulfideand iron-oxidizing mats at Chefren indicated that they were significantly different (P value < 1 %). Despite the proximity of the cores (<2 m distance), the difference in microbial community structure was not surprising given the markedly different geochemistry between these two mats, especially with regard to dissolved iron and -25 - This suggests that the presence of brine may affect bacterial and archaeal community structure, but not necessarily their function, e.g. sulfate reduction. This phenomenon has already been observed in hypersaline photosynthetic communities (Clavero et al., 2000; Nubel et al., 2000) .
Summary
Here, we have provided AOM and SR measurements from cold seeps in the Eastern Mediterranean. We show that the geology, chemistry and biology of these seep environments are considerably influenced by microbial processes as indicated in previous studies; hydrocarbon-driven sulfate reduction leads to the formation of anoxic microbial habitats, carbonate precipitates and bacterial mats, all of which provide habitats for associated fauna.
Only some of the investigated sediments showed a relatively tight coupling between AOM and sulfate reduction (e.g. North Alex, Amon), indicated that at most sites compounds other than methane were fueling sulfate reduction. At the active centres of the (Niemann et al., 2006b) . In this study, sites with less than 100µM methane in the surface sediments had very low AOM rates, hence methane availability may have been one factor in controlling the AOM rates. But even at sites with high availability of methane, rates were comparatively low. We did not reach the sulfate-methane transition zone in most of the cores and sulfate concentrations were always above 5 mM within the top 20 cm of sediment. The relatively low SR and AOM rates at the investigated sites matched the relatively low biomass of AOM consortia. An unknown factor other than energy supply must control the standing stock of these key microorganisms at the cold seeps of the Eastern Mediterranean, causing a low efficiency of the microbial filter eliminating the methane flux to the ocean. Accordingly, strong methane anomalies were observed in the water columns of all mud volcanoes investigated in this study.
To better understand the control of microbial activity, the sulfate and methane flux, further studies are needed to reveal the diversity and quantities of electron donors available to the microbial communities. Furthermore, due to the high heterogeneity and local variation in advective flow at the mud volcano and pockmark sites, spatial sampling needs to be improved, and in situ biogeochemical measurements are needed for quantitative rate assessments.
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